Introduction
Many fighter aircraft carry out their missions in the transonic regime, and the presence of external stores pose complex and dangerous problems in this regime. In transonic flow regimes, the effect of aerodynamic nonlinearities becomes significant due to the presence of shocks on the wing surface, and dynamic aeroelastic instabilities such as flutter and LCO are induced due to the presence of external stores. A computational method based on the inviscid Transonic Small Disturbance Theory is used to predict the nonlinear imsteady aerodynamics associated with shock motions in the transonic flow region [1] .
This method is used to solve the nonlinear governing equations in aeroelastic analysis, and provides an efficient but accurate alternative to linear method such as the doublet lattice method (panel method).
Previous literature helped in understanding the implications of an aircraft wing with external stores (stores considered as rigid bodies) on the static aeroelastic phenomena and imsteady pressure distributions in the transonic regime [2] . Also, some work has been performed on the LCO of an aircraft wing, but not on the parameters of xmderwing store affecting the dynamic aeroelastic phenomena in the transonic regime.
The present work advances the ongoing research that is being performed at the Air Force Research Laboratory (AFRL) by investigating the effects of dynamic aeroelastic phenomena taking place in flight vehicles carrying stores (missiles, launchers, fuel tanks. etc.) [3] . In the present work, different underwing store configurations were chosen so as to understand the influence of the structural parameters of store on the dynamic aeroelastic instabilities. Presence of underwing stores causes flutter and store induced LCO in the transonic regime, which can lead to several problems associated with targetlocking system, roll maneuverability etc. Therefore, it plays an important role in the preliminary design stage.
The research work has been divided into two phases. The first phase involves the validation of computation of flutter by conducting analysis on a clean wing (i.e., one without store) using Automated Structural Optimization System (ASTROS) [4] and Computational Aeroelasticity Program Transonic Small Disturbance (CAP-TSD) (linear and nonlinear analysis) in the subsonic regime. One of the core issues during the analysis of flutter and LCO behavior is the inclusion of store aerodynamics [5] . The second phase of the work involves an investigation of the effect of variation in the store parameters such as the underwing store center of gravity, underwing store location along the span of the wing and underwing clearance in the transonic region. These parametric studies are conducted by considering the underwing store mass only and underwing store aerodynamics. The accuracy of computed flutter velocity is compared in both cases to understand the impact of inclusion of store aerodynamics. Thus, identifying whether the effect of store aerodynamics has to be included or neglected in the optimization algorithms (which are iterative in nature). These analyses also help in identifying the critical parameters that directly affect the flutter and LCO in the transonic region. By obtaining the sensitivities of these parameters to flutter and LCO, least sensitive parameters can be ignored in the analysis, resulting in reduced computational time and costs.
With the results obtained from the second phase, it is viable to incorporate nonlinear analysis into the preliminary design process. Based on the information obtained from the above analyses, a multidisciplinary optimization methodology could be developed to design a wing structure with extemal stores to delay the occurrence of dynamic aeroelastic phenomena such as flutter and LCO. The information obtained from this work will facilitate in simulation based store certification in the transonic regime. Thereby significantly reducing the number of expensive and extensive flight tests for store certification.
Motivation and Benefits
Many problems associated with fluid-structure interaction are quite complicated, particularly that of wing-store interaction. Different research approaches have been extensively studied and developed in order to understand the impact of structures and aerodynamics associated with wing and store. High computing power led to the advent of various numerical methods to solve the aeroelastic problems for application to realistic aircraft configurations in the fransonic regime such as CAP-TSD [6] . Also, most of the research work for wing-body configuration was carried out in either subsonic or supersonic flow regimes [7] . The influence of store aerodynamics on different wing configurations have been studied, and the results have been compared with present flight flutter data [8] . A considerable amount of work has been conducted on the preliminary design for aircraft structures for improved control effectiveness (steady state roll performance) in the fransonic region [9] . A methodology was also developed and compared with flutter flight test data for including transonic flutter requirements for preliminary automated structural design of a clean wing [10] . The various factors that affect LCO have been extensively studied [11] by considering the structural nonlinearities as well as aerodynamic nonlinearities of a wing with tip store. The ctirrent work involves a comprehensive parametric study of underwing store on flutter and LCO by using various nonlinear analysis tools. In the present research a design methodology is developed by integrating various tools associated with nonlinear analysis for improved air vehicles with external stores in the transonic regime. This work can be advanced by including the effects of pylon stiffness [12] , i.e., various types of attachments and also the flutter of store itself The flutter of store itself might cause extensive fatigue to the pylon.
Therefore studies involving all these effects help in better understanding the mechanisms and physical significance that govern the onset of flutter and LCO due to the presence of underwing stores. Also, the optimization of critical store structural parameters helps in increasing the air vehicle life, performance and flight envelope during their mission.
Thus, it helps in the study of the preliminary design of aircraft structures with and without stores for improved flutter and LCO performance in the transonic regime.
Governing Equations
The TSD theory is based on the assumption that in the transonic flow regime, there are small disturbances, or perturbations around, a thin wing. The TSD equation in conservation form is given as 
where M" the free stream Mach number and y is is the ratio of specific heats. The value of y used in these analyses is 1.4 (air). The coefficients F, G and H are called AMES coefficients, given as
. G = -\l2{y-y)Ml
The nonlinear results are computed by using the AMES coefficients given by the
The linear results are computed by setting the coefficients given by the equation
When the linear equation was used, the wing and store was modeled as a flat plate in order to produce results similar to other methods such as the doublet-lattice method.
When the nonUnear equation was used, the wing was modeled using an appropriate airfoil such as NACA0004, (zero camber, symmetric and four percent thick) so that the nonlinear effects (such as moving shock waves) can be realistically captured. However the store is modeled as a flat plate, for inclusion of store aerodynamics. Coupling of the structural equations of motion with the unsteady aerodynamics of wing and store is implemented and only the vertical component of the mode shape is used for both the wing and store.
Analysis Methodology
The CAP-TSD code solves the imsteady transonic small disturbance equation
using an implicit time-accurate approximate factorization algorithm [13] . The unsteady aerodynamics is simultaneously integrated with the structural equation of motions in time. For this the vibration analysis is performed using ASTROS [14] and the displacements are splined on to the CAP-TSD grid of the wing using a Thin Infinite
Plane Spline (IPS) [15] . This integration is represented by the structural response in time to some initial perturbations. 
U^ -Free stream velocity
Ap -Lifting pressure
Z^ -Mode shape described in equation 10
Equation 11 is solved with equation 8 by using an implicit time-marching aeroelastic solution procedure based on approximate factorization [16] . In the current work, the procedure for the assessment of flutter prediction is described using the flow chart in After the dynamic analysis is run, the stability of the system (coefficient of lift) is determined. If the system is stable, the entire procedure is repeated by increasing the dynamic pressure; else the damping value is computed. The flutter dynamic pressure value is determined by linearly extrapolating the damping information using the logarithmic decrement method [17] . Moreover, fiirther refinement of the damping can be obtained by additional aeroelastic analyses if improved accuracy of flutter velocity is desired. Also, the initial conditions on the generalized displacements of each mode are taken to be zero to reduce the numerical transients and corresponding instabilities. Sensitivity of aeroelastic solutions to the initial conditions is also verified. The choice of using an initial generalized velocity of one is arbitrary and its effect on the structural response depends on how the mode shapes are scaled [19] . Finally, dynamic aeroelastic results are presented for the following cases.
Computational Models

Structural modeling of Wing and Underwing store
Case I: Clean wing Case II: Wing with underwing store (Mass only) and Case III: Wing with underwing store (Store aerodynamics included)
Case I constitutes the first phase, and Case II and Case III constitutes the second phase of the research work. Several flutter points were computed with CAP-TSD using the linear (to compare with ASTROS) and nonlinear equations. For all sets of resuhs, the flutter points were computed by holding the density constant and varying the velocity, as described above. No structural damping was used, and all the calculations were performed with wing root set at zero angle of attack.
Case I: This work helps to validate the CAP-TSD analysis conducted on a clean wing. effect. Thus, the same can be attributed to the nonlinear region since it is mass only aerodynamics). Also, there is a significant decrease in the first bending and torsion modal fi-equencies (shown in Table 2 ) with the increase in the xmderwing clearance, thereby indicating that the flutter velocity will be decreased with increase in underwing clearance. 
Summary Remarks
Underwing stores have a major effect on the dynamic aeroelastic instabilities of a wing, both structurally and aerodynamically. Underwing stores reduce the natural fi-equencies because of its inertia effect. Also it reduces the flutter velocity depending on where it is located with respect to the elastic axis of the wing. The flutter speed increases as the underwing store center of gravity is moved forward of elastic axis and decreases when moved aft. Also the flutter velocity increases as the underwing store is moved towards the aerodynamic root chord. Flutter velocity also decreases as the xmderwing store clearance (pylon length) is increased. Thus, the store structural parameters affecting the dynamic aeroelastic phenomena are investigated. Further investigations are done to predict the onset and severity of store induced flutter and LCO by including the underwing store aerodynamics. The results indicated that inclusion of store aerodynamics for the wing with these underwing store configurations does not make any significant effect on the dynamic aeroelastic phenomena in the transonic regime.
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